The aim of this paper is to analyze fatigue properties of high strength bolts in different metallurgical conditions. M8 bolts with coarse threads were separated in seven groups, three manufactured with AISI 4135 steel and heat treated after the process of thread rolling with three tempering temperatures (TRBHT). Four groups manufactured with SCM 435H steel and same conditions. In one group, the threads were made after quenching and tempering (TRAHT). Metallographic analyses, tension, hardness, and fatigue tests were performed. All TRBHT groups presented same fatigue resistance. TRAHT group presented fatigue limit approximately 9% superior than other groups.
Introduction
The literature on fatigue in bolts with threads rolled before and after heat treatment is contradictory. In many cases, axial fatigue tests were performed with stress ratio (R) equal to 0.1, which is not a desirable condition of preload, since the bolts of high strength are used with higher preload and, consequently, higher stress ratio. Under low stress ratio, a significant increase in the fatigue limit generally occurs. These beneficial results, usually, have been extrapolated to high stress ratio without verification. However, some researchers suggest that the benefits due to rolling the threads after the heat treatment will be significantly reduced for high stress ratios. This reduction can be associated with a relief of the residual stress due to high preload according to Stephens, et al [1] . With this uncertainty, the industry prefers to roll the threads before the heat treatment, in order to maximize the rolling die life and minimize the costs. Moreover, rolling the threads after the heat treatment (quenching and tempering) results in a more frequent replacement of the rolling die, decreasing the production rates and increasing the costs according to Kepheart [2] and Marcelo [3] .
Given the constant need for optimization of the mechanical properties, specially the fatigue limit of the high strength bolts, this study aims to characterize and analyze the influence of tempering temperature, the sequence of the manufacturing process (threads rolled before and after heat treatment) at the axial fatigue limit of M8 bolts, with 40mm of length and high strength (ISO class 10.9), manufactured with two different steels: AISI 4135 and SCM 435H. 
Nomenclature

Materials and Methods
M8 bolts, with 40mm of length and high strength (ISO class 10.9) were manufactured from two wires, one made from the AISI 4135, and the other one made from SCM 435H. These wires have diameter from 7.80 to 7.85mm, and a favorable metallurgical condition for forging, which means low strength and high levels of ductility [3] . For both wires, chemical analysis were performed in a LECO analyzer to determine the carbon and sulfur contents. Moreover, for other elements, it was used a spectrometer of X-ray Fluorescence Shimadzu EDX 900Hs. Also, the microstructural characterization of the samples was performed using an optical microscope Zeiss, Neophot 32 model. Metallographic Samples of the longitudinal section from the wires and bolts were prepared, and then etched by immersion in Nital 2%.
The tensile tests were performed in a servo-hydraulic MTS, Test Star II model, with 10 tons capacity and 0.02mm/s piston speed. The tensile tests in the wires were carried out according to ISO 6892 [4] . The hardness tests were carried out on a Buehler, model 2100, with load of 1kgf. The tests were performed at the central region of the longitudinal, bolts and wires surface, of the metallographic samples. Three measurements were performed for each studied condition. Axial fatigue tests were performed in intact bolts according to ISO 3800 [5] , in order to obtain the fatigue limit at 10 6 cycles. The tests were conducted at the same machine where the tensile test was performed, sine wave, 25Hz frequency, and tension preload (minimum stress) of 700MPa. Table 1 present the results of chemical analysis corresponding to the wires used in the manufacturing process of the bolts. It was possible to observe small differences in the concentration of some alloying elements due to small variations in composition between different regions of the wire, which are irrelevant when it comes to mechanical properties. Figure 1 shows the micrographs taken from longitudinal sections of the wires observed by optical microscopy after etching by immersion in Nital 2%. In both cases, the microstructure has a ferritic matrix with spheroidized carbides. It was also possible to observe that the ferrite matrix was composed predominantly by equiaxed grains with similar grain size. In addition to this, the wire microstructure manufactured with AISI 4135 apparently revealed a higher number of spheroidized carbides when compared to the one manufactured with SCM 435H, which results in different mechanical properties. The micrographic analysis of the bolts did not reveal significant differences showing tempered martensite, where the microstructural difference between the wires was removed due to heat treatment.
Results and Discussion
Also, it was possible to observe that the bolts made of SCM 435H steel, tempered at 550°C, and threads Rolled After Heat Treatment (I550 RAHT) group showed characteristics rolling texture at the nearby of the threads fillets due to the fact that the rolling was done after quenching and tempering, what could be associated to the delay observed at the fatigue crack growth, according to Ifergane [6] . When it comes to bolts rolled after heat treatment, the ISO 898-1 [7] does not recommend the machining of specimens from the bolts for the tensile tests, due to the residual stress of compression at the threads roots and also because an alignment of the grains at these regions. Therefore, tests were conducted in the intact bolts. From the results provided by tensile tests performed in entire bolts, it is possible to observe that the higher the tempering temperature, the lower is the strength of the bolts.
However, the group of bolts with threads rolled after heat treatment (I550 RAHT) showed higher levels of strength than those heat treated with the same tempering temperature, but with threads rolled before the heat treatment (N550 and I550), and also higher when compared to bolts with tempered temperatures a little lower (N520 and I520), as observed in Table 2 .
Besides, results shown in Table 2 are on average and with standard deviation for three tests, with the conversion between Vickers microhardness (HV1) to Rockwell C (HRC). The AISI 4135 steel has hardness levels lower than those found for wires made of SCM 435H steel in the same conditions (as received), which is consistent with microstructure conditions shown in the metallographic analysis. Also, the mechanical properties observed from the tension tests for this steel were better. From Vickers microhardness, values of Table 2 for bolts with thread rolled before heat treatment, it is possible to observe, as expected, that the higher the tempering temperature, the lower are the hardness levels. However, the group of bolts made of I550 RAHT presented hardness levels greater than the group of bolts tempered at the same temperature and even for those bolts with tempering temperatures a little lower with threads rolled before heat treatment (I550, N550, I520, and N520). The hardness is associated with hardening of the material during the thread rolling performed after heat treatment. In other words, thread rolling after heat treatment affects the core region of the bolt. Table 2 also presents an estimative for the average of axial fatigue limits (with 50% of failure probability) and the standard deviations for 10 6 cycles from all studied conditions. These results were obtained through axial fatigue tests using the statistical staircase method.
The results in Table 2 shows that for bolts with threads rolled before heat treatment, the variations in tempering temperature had a little or no influence in the fatigue limit with preload of 700 MPa and load ratio of R=0.8. Also, the results related to the axial fatigue tests in terms of fatigue limit curves for 10 6 cycles as a function of the hardness levels using preload (700 MPa) and creating high load ratios around R=0.8 are represented in Figure 2 . From the observation of this figure, it is possible to note that the fatigue limits based in the maximum load presented a little variation with the change in the hardness levels for these materials, which means that little variations presented in the strength of the material did not modify the fatigue limit significantly. cycles, as a function of Rockwell C hardness, for the bolts M8 made of AISI 4135 and SCM 435H steels, quenched and tempered at 490, 520, and 550°C.
Conclusions
The AISI 4135 and SCM 435H steels presented chemical compositions closed to each other and in accordance with its respective standards. Metallographic analysis revealed that both wires have ferritic matrix with approximate grain size. All groups, with heat treatment (quenching and tempering), presented tempered martensite microstructure differing only by the well defined rolling texture in the boundary of the root fillets of the group where threads were rolled after quenching and tempering at 550°C.
Besides, AISI 4135 steel presented lower strength and higher ductility than SCM 435H steel. Based on the tensile properties of the bolts, as expected, the higher the tempering temperature, the lower the strength levels. Furthermore, bolts with threads rolled after heat treatment presented higher strength than those heat treated at the same tempering temperature and thread rolled before heat treatment. These levels were also higher than those from bolts tempered at a lower temperature. Moreover, wires made of AISI 4135 steel had hardness levels lower than those from the SCM 435H steel, while bolts tempered with higher temperatures presented lower hardness. However, bolts with thread rolled after heat treatment presented higher hardness than those tempered at the same temperature (or with a little lower temperatures) with thread rolled before heat treatment.
The results of axial fatigue tests in a neutral environment for bolts with thread rolled before heat treatment revealed that variations in tempering temperatures (490, 520, and 550°C) of the steels had little influence on the fatigue limit with constant preload (minimum stress) of 700 MPa and load ratio of about 0.8. On the other hand, fatigue tests (with load ratio of about 0.8) for bolts with thread rolled after heat treatment presented an increase of about 9% in the fatigue limit compared with those with thread rolled before heat treatment. This increase can be explained due to the introduction of compressive residual stresses on the surface of the bolt, and by the alignment of the grains in the vicinity of the root of the thread in the rolling direction, which difficults the nucleation and propagation of the fatigue cracks.
